First-principles calculations on the influence of adatoms (In, Pb, H, O) on the Landauer conductance of Si substrate-supported atomic-scale In nanowires are performed. Despite the increase of the total (and partially even local) density of states at the Fermi level due to the adsorption, all adatom species lower the nanowire conductance. Apart from hydrogen, which barely changes the transport properties, the conductance drop is pronounced, ranging from 17% for Pb to 38% for In. It is related to potential-well scattering and/or structural deformations of the nanowires.
The atom-by-atom fabrication and modification of lowdimensional nanostructures is one of the impressive technological advances of recent years. It allows for the manipulation and positioning of single atoms or molecules in nanodevices such as artificial atomic-scale wires; see, e.g., Ref. [1] . Such quasi-one-dimensional (1D) structures do not only show fascinating physical properties, but they also have a large technological potential, e.g., as atomic-scale interconnects. Therefore there is an increasing interest in understanding and predicting the electronic properties of quasi-1D systems [2, 3] . Highly anisotropic surface superstructures have attracted considerable attention in this context.
The ordered array of In ''nanowires'' formed on Si(111) upon room temperature (RT) In monolayer deposition and subsequent annealing is probably the most intensively investigated system of this kind. By now, experiment and theory have established a structural model for its RT phase (see Fig. 1 for a top view) that is well accepted [4 -12] : Each nanowire consists of two zigzag chains of In atoms within a (4 1) surface periodicity. There are still many open questions, concerning, e.g., the temperature-induced 4 1 ! 8 2 phase transition of the In overlayer structure [13] [14] [15] [16] , the modification of its structural and electronic properties upon adsorption of foreign as well as In adatoms [17] [18] [19] , and the electron transport properties of ideal and defective In nanowires [16,20 -22] . It was found that the conductivity of the-at RT metallic [20, 21] -In nanowires is roughly halved by adsorbing additional In (0.1 ML) on top of the wires [22] . The mechanism that quenches the conductance, and the influence of other species on the wire resistance is not known, however, and will be investigated here.
In the present study, we use first-principles electron transport calculations to investigate the impact of different adatoms (In, Pb, O, H) on the nanowire conductance. The calculations reproduce the distinct reduction measured for In adatoms and predict pronounced drops for Pb and O as well. The mechanisms, however, are different. While mainly potential-well scattering occurs for Pb, the local distortion of the wire geometry reduces the conductance for In. Both effects show up for oxidized wires.
Our calculations are based on the plane-wave pseudopotential PWSCF implementation [23] of density functional theory (DFT) within the local density approximation (LDA). DFT calculations have difficulty to describe accurately the subtle energetics of the temperature-induced 4 1 ! 8 2 nanowire phase transition [15, 16] . On the other hand, all measured properties of the RT (4 1) phase are well reproduced within DFT [7, 8, 10, 12] . Therefore, and because the potential energy surfaces (PES) of the adatoms considered here (see Fig. 1 ) turn out to be highly corrugated, we expect DFT calculations to be adequate for ideal and adatom perturbed In=Si111-4 1 surfaces. In detail, we use a 8 2 1 k-point mesh to sample the Brillouin zone and an energy cutoff of 400 eV for the wave-function expansion. The In 4d states are treated as core electrons. Otherwise, our approach equals the one in Ref. [16] . This holds also for the electron transport calculation: The Landauer conductance in the limit of zero bias is computed using the WanT approach [24] , i.e., a Green function formalism based on ''maximally localized Wannier functions'' [25] as a minimal basis set. Thereby we exploit the fact that the Inrelated surface states close to the Fermi energy (E F ) depend very little on the substrate [26] and study 1D model structures that contain only the In and nearest neighbor Si atoms with the remaining Si dangling bonds terminated with hydrogen. Test calculations for structures with one and two Si bilayers [27] confirm the validity of this approach. For the transport calculations a 16 1 1 k-point mesh and an energy cutoff of 250 eV are found to lead to converged spectra.
We start by determining the PES for H, O, In, and Pb adsorbed on the nanowire array. These calculations are performed in a (4 3) unit cell with three bilayers of Si. The calculated energy landscapes are shown in Fig. 1 . In and Pb prefer a position between neighboring In chains, O adsorbs threefold coordinated on top of the In chain and H bonds to a surface silicon atom. While the lateral positions of In and Pb adatoms are nearly equal, the adsorption geometry is not. The In adatom is located almost in-plane with the In chain atoms, whereas Pb prefers a pyramidal configuration, see Fig. 2 . This affects also the structural relaxation of the In nanowire. Comparatively small deformations occur for Pb, but large atomic shifts are found for In deposition. This is reflected in the standard deviations of the In-In bond length distribution and the average atomic shifts compiled in Table I .
Starting from the relaxed adatom positions, the influence of the perturbation on the In nanowire conductance is calculated by using a lead-conductor-lead partitioning of the system. Here the In chain segment with the adatom forms the conductor [within a (8 8) wire segment] and the semi-infinite leads are modeled with ideal In nanowires. The calculated conductance spectra of the ideal and adatom perturbed In nanowires are shown in Fig. 3 . The transmittance at E F calculated for the unperturbed nanowire somewhat overestimates -by roughly a factor of 2 -the experimentally determined surface state conductance in the RT regime [20 -22] . This can be attributed to the effect of the contacts and their scattering as well as to the thermal dissipative scattering due to phonons at finite temperature. These effects arise as well for perturbed In nanowires. However, the phonon scattering -neglected here-will modify the electron transport to different degrees [28] .
Compared to the calculations for the ideal structure, a reduction of the quantum conductance at E F by more than one third compared to the ideal chain is calculated for the case of In adatoms. While the experimental conditions are not sufficiently well defined to allow for a quantitative comparison, the calculated reduction is of the same order as measured [22] . Interestingly, apart from hydrogen which does not substantially modify the electron transport properties, the calculations predict distinct conductance drops as well for Pb and, in particular, for O, see Table I . One might want to explain this finding with a reduced density of electronic states (DOS) at E F . However, as shown in Fig. 3 and Table I , (i) the DOS increases irrespective of the specific adatom deposited and (ii) the DOS of the perturbed nanowires shows at best a very weak correlation with the conductance. For example, the DOS at E F is nearly equal for Pb and O. However, O is far more effective in reducing the conductance. Obviously, the DOS does not suffice to understand the trend of the conductance change.
This holds also for the local density of states (LDOS) at E F . In all cases we find a distinct and adatom-specific LDOS modification upon adsorption, see Fig. 4 . For example, In causes a sharp local DOS increase close to the adatom that is accompanied by a DOS depletion at the next nearest neighbor distance. The adsorption of O leads to a DOS redistribution from the neighboring to the adatom decorated In chain. Even hydrogen-that does not affect the nanowire conductance and adsorbs on Si atoms rather than on the In chain -clearly affects the nanowire LDOS. Thus, neither the total nor the local DOS seem very helpful for understanding the influence of adatoms on the nanowire conductance.
In the case of CO adsorption on substrate-supported Au chains, the drastic conductance drop could be traced to the deep potential well arising at the adsorption site [3] . In order to see if a similar mechanism acts here, we extract the local effective potential from our DFT calculations. This potential is then averaged in a plane perpendicular to the nanowire direction chosen large enough to containwithin their covalent radii -the nanowire In atoms as well as the adatoms. As shown in Fig. 5 , the systems studied here differ drastically with respect to the local potential. A very deep potential well is formed upon Pb adsorption, while additional In atoms barely change the potential along the wire direction. Thus it seems likely that the conductance modification upon Pb adsorption obeys a similar mechanism as proposed for CO adsorbed on Au chains [3] . Judging from Fig. 5 , however, this mechanism cannot explain the conductance drop upon In deposition: In adatoms reduce the In nanowire transmittance even more than Pb, but do not give rise to large potential fluctuations. These considerations are corroborated by 1D model calculations, where we solve the time-dependent Schrödinger equation for the potentials shown in Fig. 5 . The transmission of Fermi wave-vector electrons across the Pb potential well is reduced by 8%, while we obtain a reduction by only 3% in case of In. In order to understand the conductance drop in the latter case, we come back to our initial observation that the adatoms deform the nanowire to different degrees, as can be seen from Table I The computational modeling allows for separating the impact of the adatom-induced structure deformation from the impact of the adatom itself: We perform transport calculations for nanowire structures that are deformed according to their relaxation in response to the adatom, but do not contain the adatom. The results are shown in Fig. 6 and compiled in Table I . As can be seen here, thecomparatively small -geometry changes of the In nanowire upon adsorption of hydrogen or lead do not substantially reduce the wire conductance. This is in contrast to the stronger distortions caused by the adsorption of oxygen or indium, where moderate to strong conductance reductions are calculated.
This does now allow for a classification of the adatominduced conductance modifications. Pb adsorption does not substantially modify the nanowire geometry, but forms a deep potential well that effectively scatters the electrons and thus reduces the transmittance. No significant potential well forms for In. Here the conductance drop is related to the wire deformation. Both factors contribute in the case of oxygen. A moderate potential well is formed and on top of that the nanowire gets somewhat deformed. This results in a conductance drop of similar magnitude as calculated for In. Hydrogen, finally, does neither act as a potential well nor does it strain significantly the nanowire. Consequently, it has no substantial impact on the electron transport.
To conclude, the In nanowire array on Si(111)-intensively studied by many researchers -is a very interesting test bed also for conductance modification at the atomic scale: It is well accessible to both experiment and first-principles theory and thus helps to gain a deeper understanding of nanoscale electron transport. The firstprinciples calculations performed here for ideal and adatom deposited In nanowires predict an adatom-specific and in some cases very pronounced decrease of the wire conductivity upon adatom deposition. For In adatoms, where measurements exist, the reduction by more than one third agrees with the existing data. For oxygen deposition, the calculations predict a similar drop in conductance, whereas the impact of Pb atoms is slightly smaller. The adsorption of hydrogen does not substantially reduce the conductance. The nanowire conductance modification due to the adatoms can be related to different mechanisms: potential-well scattering (Pb), nanowire deformation (In), or a combination of both effects (O).
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